Phosphate (Pi) deficiency is known to be a major limitation for symbiotic nitrogen fixation (SNF), and hence legume crop productivity globally. However, very little information is available on the adaptive mechanisms, particularly in the important legume crop chickpea (Cicer arietinum L.), which enable nodules to respond to low-Pi availability. Thus, to elucidate these mechanisms in chickpea nodules at molecular level, we used an RNA sequencing approach to investigate transcriptomes of the nodules in Mesorhizobium mediterraneum SWRI9-(MmSWRI9)-chickpea and M. ciceri CP-31-(McCP-31)-chickpea associations under Pi-sufficient and Pi-deficient conditions, of which the McCP-31-chickpea association has a better SNF capacity than the MmSWRI9-chickpea association during Pi starvation. Our investigation revealed that more genes showed altered expression patterns in MmSWRI9-induced nodules than in McCP-31-induced nodules (540 vs. 225) under Pi deficiency, suggesting that the Pi-starvation-more-sensitive MmSWRI9-induced nodules required expression change in a larger number of genes to cope with low-Pi stress than the Pi-starvation-less-sensitive McCP-31-induced nodules. The functional classification of differentially expressed genes (DEGs) was examined to gain an understanding of how chickpea nodules respond to Pi starvation, caused by soil Pi deficiency. As a result, more DEGs involved in nodulation, detoxification, nutrient/ion transport, transcriptional factors, key metabolic pathways, Pi remobilization and signalling were found in Pi-starved MmSWRI9-induced nodules than in Pi-starved McCP-31-induced nodules. Our findings have enabled the identification of molecular processes that play important roles in the acclimation of nodules to Pi deficiency, ultimately leading to the development of Pi-efficient chickpea symbiotic associations suitable for Pi-deficient soils.
INTRODUCTION
Phosphate (Pi) is an essential macronutrient for plant growth and development. However, in a large proportion of the world's arable land, Pi is one of the least available plant macronutrients, because it readily forms calcium (Ca 2+ ) salts in calcareous soils, or complexes with aluminium and iron (Fe) oxides in acidic soils (Abdel-Lateif et al., 2013) . The detrimental effects of Pi deficiency on legume crop productivity is well known, especially in Latin America, Asia and Africa (Chen et al., 2011) . Reduced nodule formation and development on legumes, and hence a lower atmospheric nitrogen (N 2 )-fixing capacity, has been attributed to low soil Pi levels (Valentine et al., 2010) . The positive relationship between Pi supply and nodule performance has been studied in several legumes, including white lupin (Lupinus albus) (Schulze et al., 2006; Thuynsma et al., 2014) , soybean (Glycine max) (Chen et al., 2011) , chickpea (Cicer arietinum) (Nasr Esfahani et al., 2016) white clover (Trifolium repens) (Høgh-Jenen et al., 2002) , Medicago truncatula (Sulieman et al., 2013) and the common bean (Phaseolus vulgaris) (Hern andez et al., 2009) . It has been well established that Pi is preferentially translocated to nodules, at the expense of other plant organs, to maintain high nodule Pi levels and to minimize the negative effects of Pi deficiency on the symbiotic N 2 fixation (SNF) capacity of leguminous plants grown on low-Pi soils (Thuynsma et al., 2014) .
Although a low soil Pi content can be compensated by application of Pi fertilizers, the continued application of large quantities of Pi fertilizer to soil is not economically sustainable and can often cause serious environmental problems (Zeng et al., 2010) . Therefore, the application of chemical Pi fertilizer is not sustainable and should be reduced, thus sustainable and eco-friendly measures need to be developed to reduce or replace the use of Pi fertilizers (Sharma et al., 2013) . One promising approach is to manipulate the expression of Pi starvation-responsive (PSR) genes, which are involved in the acquisition, mobilization and substitution of Pi, the functioning of key metabolic pathways, signal transduction processes, transcriptional regulation of genes and many other processes related to plant growth and development (Jain et al., 2012; Thibaud et al., 2010) . Genome-wide analyses of gene expression using microarray or RNA sequencing (RNA-seq) approaches have been used to gain an insight into the molecular mechanisms modulating the adaptation of plants to Pi deficiency and to identify PSR genes, whose expression can be manipulated to enable plants to grow and yield better in low-Pi soils. Most of these studies have investigated plant species grown under non-symbiotic conditions, including Arabidopsis thaliana (Lan et al., 2012) , rice (Oryza sativa) (Secco et al., 2013) , potato (Solanum tuberosum) (Hammond et al., 2011) and corn (Zea mays) (Calder on-V azquez et al., 2011) , and focused on their leaves and roots. However, while the adverse effects of Pi deprivation on nodule performance have been well documented in legumes (Cabeza et al., 2014; Chen et al., 2011; Kleinert et al., 2014; Sulieman et al., 2013) , there is little information regarding how nodules respond and adapt to Pi deficiency at molecular level, with only two studies; one on M. truncatula (Cabeza et al., 2014) and the other on the common bean (Hern andez et al., 2009 ). In addition, it is well established that nodule responses to soil low-Pi are highly specific, and depend on the legume species and strain of symbiotic rhizobia (Valentine et al., 2010) . Thus, it is very important to understand in detail the molecular mechanisms that modulate the responses and activities of the nodules produced by each commercially important legume crop under Pi starvation, if genetic modification is to be used to improve SNF and crop productivity.
Chickpea is the world's third most important grain legume after the common bean and soybean, providing a significant source of protein-rich food for human and animal consumption. In the major chickpea producing countries, limited SNF due to low soil Pi is one of the major constraints to plant growth and chickpea productivity (Srinivasarao et al., 2006) . In this study, we carried out an RNA-seq-based comparative transcriptome analysis of nodules derived from Mesorhizobium mediterraneum SWRI9-(MmSWRI9)-chickpea and M. ciceri CP-31-(McCP-31)-chickpea associations grown under both Pi-sufficient and Pi-deficient conditions to gain an understanding of the pathways modulating the SNF process in Pi-starved nodules. The MmSWRI9-and McCP-31-chickpea associations have differential symbiotic efficiencies under both Pi-sufficient and Pi-deficient conditions. While MmSWRI9-chickpea association shows better SNF capacity than McCP-31-chickpea association under Pi-sufficient conditions, SNF capacity is higher in McCP-31-chickpea association than in MmSWRI9-chickpea association under Pi deficiency (Nasr Esfahani et al., 2016) . Additionally, the results of this study will enable us to discover promising candidate genes for in-depth in planta analyses. These candidate genes might be then used to engineer chickpea crops that either acquire Pi or use Pi more efficiently in low-Pi soils, allowing us to reduce the amount of required chemical Pi fertilizer while maintaining high yields.
RESULTS AND DISCUSSION
Transcriptome analysis of MmSWRI9-and McCP-31-induced nodules under Pi-sufficient and Pi-deficient conditions using RNA-seq
To elucidate the molecular basis of differential symbiotic performance of MmSWRI9-and McCP-31-inoculated plants under both Pi-sufficient and Pi-deficient conditions, we compared their nodule transcriptomes under the two conditions shown in our experimental design (Figure 1a ). In total, 205 189 014 reads were generated from 12 complementary DNA (cDNA) libraries obtained from the nodules of McCP-31-and MmSWRI9-inoculated plants under Pisufficient and Pi-deficient conditions, with 10 to 29 million reads being obtained for each sample (Table S1 ). Thẽ 205 million reads, representing 25.4 Gbase of cleaned nucleotides, were used for mapping to the reference genome sequence (Table S1 ). Approximately, 98% of the obtained reads could be mapped to reference transcripts (Table S1 ).
The results of the RNA-seq analysis of three biological repeats from each sample per each treatment are summarized in Table S2 . We first sought to identify genes whose expression was changed in response to Pi deficiency in the nodules of each symbiotic association by comparing the profiles of Pi-deficient MmSWRI9-induced nodules with Pisufficient MmSWRI9-induced nodules (MmSWRI9-Pd/ MmSWRI9-Ps) and Pi-deficient McCP-31-induced nodules with Pi-sufficient McCP-31-induced nodules (McCP-31-Pd/ McCP-31-Ps) (Figure 1a) . Our results showed that Pi deficiency triggered changes in the expression of more genes in MmSWRI9-induced nodules than in McCP-31-induced nodules. Using the criteria of a |≥2|-fold change in expression and a q-value <0.05, 540 differentially expressed genes (DEGs) were detected in comparison MmSWRI9-Pd/ MmSWRI9-Ps (Figure 1b and Table S3a ), whereas only 225 DEGs were recorded in comparison McCP-31-Pd/McCP-31-Ps ( Figure 1b and Table S3b ). Specifically, 231 and 309 genes were up-regulated and down-regulated, respectively,
MmSWRI9-Pd/MmSWRI9-Ps
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MmSWRI9-Pd (Figure 1b and Tables S4b and S5b ). These data suggest that as more changes in gene expression were observed in the nodules of Pi-starvation-more-sensitive MmSWRI9-inoculated plants in response to Pi deficiency, greater adaptive changes might be required for MmSWRI9-induced nodules to allow them to cope with low-Pi availability. In support of this finding, a whole transcriptome analysis of shoots and roots of two contrasting maize genotypes (low-Pi-tolerant and low-Pi-sensitive genotypes) revealed a similar trend under Pi deficiency (Du et al., 2016) .
In addition, a detailed analysis of the DEGs obtained from McCP-31-Ps/MmSWRI9-Ps and McCP-31-Pd/MmSWRI9-Pd comparisons showed that gene expression profiles were also influenced by Mesorhizobium species, under both Pisufficient and Pi-deficient conditions ( Figure 1a ). Specifically, our comparison revealed 540 DEGs in McCP-31-Ps/ MmSWRI9-Ps (398 and 142 up-regulated and down-regulated genes, respectively) (Figure 1b and Tables S3c, S4c and S5c) and 158 DEGs in McCP-31-Pd/MmSWRI9-Pd (115 and 43 up-regulated and down-regulated genes, respectively) (Figure 1b and Tables S3d, S4d and S5d) . This finding clearly demonstrates that Mesorhizobium speciesspecific regulatory networks were affected in MmSWRI9-induced and McCP-31-induced nodules in response to Pisufficient and Pi-deficient conditions, and that this probably was the cause of the differential symbiotic performances previously observed (Nasr Esfahani et al., 2016 Figure 2 (a, b) display good conformity between the data derived from the RNA-seq and the qRT-PCR analyses, demonstrating the reliability of our RNA-seq approach. In addition, the expression of 10 PSR genes was examined in the nodules of MmSWRI9-inoculated and McCP-31-inoculated plants under both Pi-sufficient and Pi-deficient conditions using qRT-PCR in a recently published report (Nasr Esfahani et al., 2016) . The heatmap presentation of the qRT-PCR and RNA-seq results of these 10 PSR genes further verify the reliability of our RNA-seq data (Figure 2c) .
Next, both the up-and down-regulated gene sets for the four comparisons were subjected to a pairwise Venn Tables S6b and S7b ). The low overlap percentages support the contrasting behaviour of each symbiotic association under Pi-sufficient and Pi-deficient conditions. In our previous study, we reported that the McCP-31-inoculated association displayed lower symbiotic efficiency than the MmSWRI9-inoculated association under Pi-sufficient conditions, whereas the reverse was observed under Pi-deficient conditions (Nasr Esfahani et al., 2016) .
Functional classification of the DEGs
In the next step of this study, MapMan analysis was used to gain an insight into the molecular functions 
RNA-sequencing data
Transcript ID enriched in the 'abiotic and biotic' and 'secondary metabolism' categories, whereas the down-regulated genes were found mostly in the 'TF' category only ( Figure 5 ).
Differential expression of genes involved in nodulation in
MmSWRI9-inoculated and McCP-31-inoculated plants
Modifications in the balance of plant hormones and their interactions positively or negatively regulate nodule development; and therefore, appropriate levels of endogenous hormones are critical for nodule organogenesis (Ryu et al., 2012) . Previously, more nodules of smaller size were observed in the MmSWRI9-inoculated association than in McCP-31-inoculated association during low-Pi supply, which coincided with lower SNF capacity of MmSWRI9-inoculated plants than that of the McCP-31-inoculated plants under Pi-deficient conditions (Nasr Esfahani et al., 2016) . It has recently been reported that the pea (Pisum sativum) ethylene (ET)-insensitive and gibberellin (GA)-deficient double mutant ein2 na and ET-insensitive and brassinosteroid (BR)-deficient double mutant ein2 lk produced more nodules of smaller size compared with wild-type plants (Foo et al., 2016) . Our RNA-seq data analysis revealed differential expression patterns of hormonerelated genes obtained from MmSWRI9-Pd/MmSWRI9-Ps and McCP-31-Pd/McCP-31-Ps comparisons ( Figure S1 ). For MmSWRI9-Pd/MmSWRI9-Ps, expression of the XM_004513042.2 gene, encoding 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase involved in ET biosynthesis (Booker and DeLong, 2015) , was down-regulated by 2.30-fold (Table 1) . Moreover, the XM_004485965.2 gene, encoding GA2-oxidase that catalyzes the conversion of biologically bioactive GAs to inactive forms (Colebrook et al., 2014) , was up-regulated by 2.20-fold ( et al., 2016) . In addition to genes involved in hormone metabolism, the XM_004492427.2 gene that putatively encodes a nodulation signalling pathway 2-like (NSP2), which is required for initiating transcription of the early nodulin (ENOD) gene and cell division events in the root cortex and consequently nodulation (Ali et al., 2014; Ferguson et al., 2010) , was up-regulated in MmSWRI9-Pd/MmSWRI9-Ps by 2.44-fold, but not in McCP-31-Pd/McCP-31-Ps (Table 1) . Thus, up-regulation of the NSP2 gene may also be another factor contributing to the production of more nodules in MmSWRI9-inoculated plants (Nasr Esfahani et al., 2016) . Interestingly, the expression of some other genes encoding key regulators of nodulation signalling pathway, such as the XM_012718608.1 and XM_004511097.2 genes encoding the NSP1 and the Ca 2+ /calmodulin-dependent protein kinase (DMI3) (Jones et al., 2007) , was not altered along with that of the NSP2 gene in Pi-deficient MmSWRI9-inoculated nodules. This finding might be associated with the higher enrichment of the cis-motifs available in the promoter region (1500-bp upstream of the start codon) of the NSP2 gene (eight motifs; one TATA box-like, one NIT 2-like and six NIT 2 motifs) as compared with that in the promoter region of NSP1 (6 motifs; three NIT 2, two W box and one helix-loop-helix motifs) and DMI3 (6 motifs; one PHO-like, two TC element, one helix-loop-helix and two W box motifs) genes according to a cis-motif search using the 10 well known Pi-responsive cis-element sequences (Hammond et al., 2004; Zeng et al., 2010) . It is worth mentioning that the 1500-bp promoter region of the NSP2 gene contains the TATA box-like and NIT 2-like cis-motifs, while that of the NSP1 and DMI3 genes does not, suggesting the important role of the TATA box-like and NIT 2-like cismotifs in the up-regulation of the NSP2 gene in the Pi-deficient MmSWRI9-inoculated nodules.
Differential expression of Pi signalling network-related genes in MmSWRI9-and McCP-31-inoculated plants To respond to low soil Pi availability, plants must be able to sense low soil Pi levels and develop a series of adaptive responses mediated by signalling networks (Chiou and Lin, 2011) . In plant tissues, when internal Pi concentration falls below a certain threshold level a primary signal is initiated that is then converted into secondary signals [e.g. cytokinins (CKs), inositol polyphosphates (IPs), Ca 2+ and reactive oxygen species (ROS)], stimulating the expression of PSR genes to help cope with Pi deprivation (Chiou and Lin, 2011) . In this study, a significant decrease in nodular Pi levels in MmSWRI9-inoculated plants subjected to low-Pi supply, which contrasts to what was observed in the nodules of McCP-31-inoculated plants under Pi-deficient conditions, (Nasr Esfahani et al., 2016) , might act as the first signal to initiate changes in the expression of secondary signal-related genes. This could trigger the up-regulation of PSR genes in Pi-deficient MmSWRI9-induced nodules, and hence help prevent complete depletion of nodular Pi for maintaining SNF capacity at as high level as possible under Pi-deficient conditions. One possibility that has been proposed is that CKs might function as secondary signals to negatively regulate the expression of PSR genes and consequently inhibit plants from responding to low-Pi conditions (Chiou and Lin, 2011; Ha and Tran, 2014 (Chiou and Lin, 2011; Lin et al., 2011) , as well as symbiotic nodulation and N 2 fixation (Weisany et al., 2013) . Thus, altered expression of the Ca 2+ homeostasis-related genes might also suggest the existence of crosstalk between Pi signalling and SNF regulation, which eventually modulates not only plant responses to Pi status but also the SNF activity of nodules. The soybean SYG1/PHO81/XPR1 domain-containing protein 3 (GmSPX3) acts as a positive regulator in the Pi signalling network, and accordingly, controls Pi homeostasis in plants (Yao et al., 2014) . Pi deficiency up-regulated the XM_004506421.2 gene (by 3.34-fold) encoding a putative SPX3 in MmSWRI9-Pd/MmSWRI9-Ps but not in McCP-31-Pd/McCP-31-Ps (Table 1 ). In addition, IPs bind to the SPX domain of SPX domain-containing proteins and act as sensor proteins communicating cytosolic Pi levels to SPX proteins. This can promote specific interactions between SPX proteins and TFs that regulate the uptake, transport and storage of Pi (Secco et al., 2017) . We observed the up-regulation of the XM_004508813.2 gene (by 2.69-fold), which putatively encodes IP 4 -1-kinase 1 (named also IP 3 5/6-kinase) that catalyzes the conversion of IP 4 to IP 5 and IP 3 to Table 1 List of candidate genes that might contribute to the differential performance of MmSWRI9-and McCP-31-induced nodules under Pisufficient and Pi-deficient conditions. The fold changes shown were obtained from RNA-seq analysis. Red-and blue-coloured numbers indicate fold changes ≥ 2 and ≤ À2, respectively, with a q-value < 0.05. MmSWRI9-Pd/MmSWRI9-Ps, Pi-deficient MmSWRI9-induced nodules vs. Pi- sufficient (Table 1) . In accordance with this finding, a previous study suggested that IP kinases, and presumably their IP products, are involved in sensing extracellular Pi levels (Stevenson-Paulik et al., 2005) . In the present study more Pi signalling-related genes were up-regulated in MmSWRI9-Pd/MmSWRI9-Ps than in McCP-31-Pd/McCP-31-Ps, indicating that MmSWRI9-induced nodules experienced greater Pi stress than McCP-31-induced nodules, possibly resulting in lower SNF capacity in MmSWRI9-induced nodules under Pi-deficient conditions.
McCP-31-Pd/MmSWRI9-Pd
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Differential expression of oxidative stress-related genes in
MmSWRI9-inoculated and McCP-31-inoculated plants
Nodules have the potential to generate high levels of ROS due to high rates of bacteroid respiration, the oxidation of several proteins (nitrogenase, ferredoxin and hydrogenase) with strong reducing potentials, and autoxidation of the oxygenated form of leghemoglobin (Becana et al., 2010) . Oxidative stress is known to be a critical factor associated with Pi deficiency, and is caused by the overproduction of harmful ROS in the nodules of N 2 -fixing legumes when nodule metabolism is disturbed by either a biotic or abiotic stressor (Bargaz et al., 2013) . In a previous study, it was suggested that Pi deficiency-induced oxidative stress may be implicated in down-regulating the SNF capacity in MmSWRI9-inoculated plants (Nasr Esfahani et al., 2016) . In the present study, transcriptome analysis provides evidence supporting enhanced oxidative stress in MmSWRI9-induced nodules under Pi-deficient conditions, by showing the down-regulation of the XM_004507126.2 and XM_004505619.2 genes by 3.08-fold and 2.66-fold, respectively, in MmSWRI9-Pd/MmSWRI9-Ps (Table 1) , but unaltered expression levels of these genes in McCP-31-Pd/ McCP-31-Ps. The XM_004507126.2 and XM_004505619.2 genes encode glutathione-S-transferase (GST) and L-ascorbate oxidase (AO), respectively. GSTs have been known as abundant antioxidant enzymes in nodules, and thus providing strong antioxidant defence to the nodules that are vulnerable to excess ROS particularly produced under conditions of environmental stress (Dalton et al., 2009) . AO catalyzes the oxidation of ascorbate through the reduction of oxygen to water, helping to limit oxygen diffusion to the inner parts of nodules, where the N 2 -fixing process by nitrogenase activity takes place (Balestrini et al., 2012) , and consequently AO maintains microaerobic conditions within the nodules (De Tullio et al., 2013) . In addition, the expression of other oxidative stress-related genes, such as those encoding cytochrome P450 (10 genes) and peroxidases (four genes), were up-regulated in MmSWRI9-Pd/ MmSWRI9-Ps (Table 1) , while only one XM_004503644.2/ cytochrome P450 gene was up-regulated in McCP-31-Pd/ McCP-31-Ps (Table 1) . Furthermore, 15 genes belonging to the 'abiotic and biotic' stress category were up-regulated in MmSWRI9-Pd/MmSWRI9-Ps (Figure 4) , while only one gene (XM_004503594.2) in the same category was found to be induced in McCP-31-Pd/McCP-31-Ps (Figure 4 ; Table 1 ). Up-regulation of these stress-related genes in MmSWRI9- Pd/MmSWRI9-Ps most probably occurs as an adaptive response to the accumulation of ROS that occurs as the result of the more severe Pi depletion seen in MmSWRI9-induced nodules exposed to Pi starvation. This finding was supported by a genome-wide transcriptome analysis of A. thaliana in response to low-Pi stress (Misson et al., 2005) .
RNA-seq data analysis also revealed that the expression of more genes encoding enzymes involved in secondary metabolism was altered in MmSWRI9-Pd/MmSWRI9-Ps than in McCP-31-Pd/McCP-31-Ps ( Figure S2 ). Up-regulation of XM_004491570.2 (by 2.10-fold) and XM_004507487.2 (by 2.74-fold) genes, encoding two enzymes involved in phenylpropanoid pathway (phenylalanine ammonia-lyase3 and 4-coumarate-CoA ligase 1-like, respectively), was observed in MmSWRI9-Pd/MmSWRI9-Ps but not in McCP-31-Pd/McCP-31-Ps ( Figure S2 ). Several previous reports have shown that the accumulation of flavonoids is associated with oxidative stress in plants, and that these metabolites have antioxidant capacity and are involved in ROS scavenging (Agati et al., 2012; Fini et al., 2011) .
Conversely, the up-regulation of more genes related to oxidative stress, including genes encoding cytochrome P450 (18 vs. 6 genes), peroxidase (4 vs. 1 genes), GST (3 vs. 0 genes) and AO (1 vs. 0 gene), and more genes belonging to 'abiotic and biotic' category (28 vs. 13 genes) were found for McCP-31-Ps/MmSWRI9-Ps than for McCP-31-Pd/MmSWRI9-Pd ( Figure 5 and Table 1 ). In addition, more genes associated with secondary metabolism were up-regulated in McCP-31-Ps/MmSWRI9-Ps comparison than McCP-31-Pd/MmSWRI9-Pd comparison (33 vs. 16 genes) ( Figure 5 and Table 1 ). These results, when taken together, also support the idea of higher levels of ROS production and accumulation in McCP-31-induced nodules under Pi-sufficient conditions than under Pi-deficient conditions. Again, these findings could explain the lower SNF capacity of McCP-31-inoculated plants observed under Pisufficient conditions relative to MmSWRI9-inoculated plants (Nasr Esfahani et al., 2016) .
Differential expression of transport-related genes in
MmSWRI9-and McCP-31-inoculated plants
Our RNA-seq analysis revealed that more transport-related genes were up-regulated in MmSWRI9-Pd/MmSWRI9-Ps than in McCP-31-Pd/McCP-31-Ps (16 vs. 2) (Figure 4) . For example, the expression of the XM_004502090.2 gene, encoding phosphate transporter 1;4 (PHT1;4), was up-regulated (by 2.08-fold) in MmSWRI9-Pd/MmSWRI9-Ps but not in McCP-31-Pd/McCP-31-Ps (Table 1) . Up-regulation of the PHT1;4 gene in response to Pi starvation has been known to be a common mechanism that plants use to cope with low Pi levels (Misson et al., 2005; O'Rourke et al., 2013; Secco et al., 2014) . A previous study demonstrated that MmSWRI9-induced nodules had significantly lower Pi level than McCP-31-induced nodules (Nasr Esfahani et al., 2016). Thus, up-regulation of genes encoding Pi transporters in MmSWRI9-induced nodules under Pi starvation might be considered as an acclimation response to decreased levels of nodular Pi, effectively preventing intensive depletion of nodular Pi level to maintain as high SNF capacity as possible in MmSWRI9-inoculated plants, under adverse nutrient conditions. In contrast, a lower level of Pi was noted in McCP-31-induced nodules than in MmSWRI9-induced nodules under Pi-sufficient conditions (Nasr Esfahani et al., 2016) . This finding might be attributed, at least in part, to up-regulation of the XM_004502090.2/PHT1;4 gene (by 2.12-fold) in McCP-31-Ps/MmSWRI9-Ps (Table 1) . In addition, we observed up-regulation of the XM_004514485.2 gene, putatively encoding anion transporter 3 (also named PHT4;2), in MmSWRI9-induced nodules under Pi deficiency (Tables S3a and S4c ). However, although PHT4;2 was reported to play a role in Pi transport in Arabidopsis root plastids (Irigoyen et al., 2011) , its involvement in Pi transport under Pi starvation remains to be determined.
The expression of the XM_012712138.1 gene, putatively encoding a mitochondrial Pi carrier protein 3 (MPT3) located in the mitochondrial inner membrane (Poirier and Jung, 2015) , was up-regulated (by 2.23-fold) in MmSWRI9-Pd/MmSWRI9-Ps (Table 1 ). This change in gene expression could lead to the transfer of a larger proportion of nodular Pi into mitochondrial matrix, and consequently only a smaller portion of nodular Pi would be available for bacteroid respiration in MmSWRI9-induced nodules subjected to Pi starvation. Based on this finding, the lower SNF capacity observed in MmSWRI9-induced nodules under Pi-deficient conditions could also in part be due to enhanced activity of MPT3, which causes the decline in Pi levels within the bacteroids required for N 2 fixation, and increases in mitochondrial respiration and ROS production in these nodules. In an earlier study, it was reported that overexpression of the AtMPT3 gene in A. thaliana elevated Pi levels in the mitochondrial matrix, accelerating ATP biosynthesis, the respiration rate and ROS accumulation (Jia et al., 2015) . Therefore, any disruption to the cellular energy homeostasis under conditions of stress, due to the up-regulation of the MPT3 gene, could lead to increased sensitivity of plants to stress (Zhu et al., 2012) . Conversely, expression of the XM_012712138.1/MPT3 gene was down-regulated (by 2.10-fold) in McCP-31-Pd/McCP-31-Ps (Table 1) in response to increased levels of Pi in McCP-31-induced nodules observed under Pi-deficient conditions (Nasr Esfahani et al., 2016) . This may prevent the transfer of excess Pi into mitochondrial matrix, and thus might help maintain mitochondrial energy homeostasis and inhibit the generation and accumulation of ROS in nodules. Furthermore, XM_012712138.1/MPT3 was strongly up-regulated (by 5.62-fold) in McCP-31-Ps/MmSWRI9-Ps (Table 1) (Hoehenwarter et al., 2016; Zheng et al., 2009) . Therefore, a positive relationship between the activation of mechanisms involved in Fe homeostasis and Pi deficiency is likely. In the present study, the expression of the XM_004490603.2 gene, encoding a mitoferrin-like (a mitochondrial Fe transporter) involved in storage of Fe in mitochondria (Jain and Connolly, 2013) , and the XM_004495449.2 gene, encoding the Yellow Strip-like 1 (YSL1) protein involved in transport of nicotianamine (NA)-Fe complexes into cells (Waters et al., 2006) , was up-regulated by 2.13-and 2.26-fold, respectively, in MmSWRI9-Pd/MmSWRI9-Ps but not in McCP-31-Pd/McCP-31-Ps (Table 1) , which might suggest Pi deficiency-induced Fe over-accumulation in MmSWRI9-induced nodules. As excessive cellular Fe levels are known to increase oxidative stress (Briat et al., 2010) 
Differential expression of Pi remobilization-related genes in MmSWRI9-and McCP-31-inoculated plants
The release of Pi from organic phosphorous sources, such as nucleic acids and phospholipids, requires the activities of several different enzymes, including acid phosphatases and nucleases, and is known to be a crucial adaptive responses to Pi starvation (L opez-Arredondo et al., 2014; Plaxton and Tran, 2011) . In the present study, the expression of the XM_004485662.2 and XM_004497023.2 genes, encoding endonuclease 1 and 2, respectively, was up-regulated in MmSWRI9-Pd/MmSWRI9-Ps (by 2.47-and 2.00-fold, respectively) but not in McCP-31-Pd/McCP-31-Ps (Table 1) . Endonucleases are known to catalyze the hydrolysis of nucleic acids to release Pi from DNA and RNA, as part of the remobilization process during plant senescence (P erezAmador et al., 2000) . The RNA-seq data analysis performed in the present study showed up-regulation of the XM_004513281.2 gene (by 3.05-fold), putatively encoding a purple acid phosphatase 17 (PAP17)-like protein, in MmSWRI9-Pd/MmSWRI9-Ps but not in McCP-31-Pd/McCP-31-Ps (Table 1) . PAPs are known to be part of the plant acclimation mechanism to Pi deficiency and are linked to intraand/or extracellular Pi recycling and scavenging during Pi starvation (Ha and Tran, 2014; L opez-Arredondo et al., 2014; Sulieman and Tran, 2015) . In support of our finding, up-regulation of the PAP17/At3 g17790 gene has also been reported in Arabidopsis plants in response to Pi starvation (Lan et al., 2012) . Taken together, up-regulated expression of these genes in MmSWRI9-Pd/MmSWRI9-Ps, but not in McCP-31-Pd/McCP-31-Ps, suggests an adaptive response to the lower levels of Pi observed in MmSWRI9-induced nodules, as compared with McCP-31-induced nodules, under low-Pi availability (Nasr Esfahani et al., 2016) . This would enable the efficient use of organic phosphorous sources, and help prevent exhausting nodular Pi levels in MmSWRI9-inoculated plants under Pi-deficient conditions.
In addition, we identified up-regulation of the XM_004494856.2/PAP20 (2.62-fold) and XM_012716612.1/ PAP3 (2.17-fold) genes in McCP-31-Ps/MmSWRI9-Ps, which coincided with the lower Pi levels observed in McCP-31-induced nodules compared with MmSWRI9-induced nodules under Pi-sufficient conditions (Table 1 ). This result suggests that enhancement of PAP activities is potentially required in McCP-31-inoculated plants as an adaptive response to increase nodular Pi levels, and consequently improves SNF capacity under normal Pi supply.
Differential expression of glycolysis-related genes in
MmSWRI9-and McCP-31-inoculated plants Pi deficiency reduces rates of phosphorylation of ADP to ATP due to a decline in cellular Pi, and therefore negatively affects Pi-requiring and ATP-requiring metabolic pathways (Plaxton and Tran, 2011) . In our RNA-seq data analysis, we detected the down-regulation of several genes, putatively encoding ATP-requiring and Pi-requiring enzymes implicated in carbon (C) metabolism, in MmSWRI9-Pd/ MmSWRI9-Ps, which is in accordance with the significant decrease in Pi levels noted in MmSWRI9-induced nodules in Pi-deficient conditions (Nasr Esfahani et al., 2016) . These genes included XM_004517220.2 (by 2.03-fold), encoding ATP-dependent 6-phosphofructokinase 6-like protein, and two other genes (XM_004496111.2 and XM_004489126.2) encoding Pi-requiring pyruvate kinases. However, Pi deficiency down-regulated only the XM_004496111.2/pyruvate kinase gene in McCP-31-Pd/McCP-31-Ps (Table 1; Figure S3) , possibly due to the availability of enough Pi for ATP-and Pi-dependent enzyme activities in McCP-31-induced nodules, even under Pi-deficient conditions (Nasr Esfahani et al., 2016) . Therefore, down-regulation of more genes involved in C metabolism in MmSWRI9-Pd/ MmSWRI9-Ps relative to McCP-31-Pd/McCP-31-Ps is most likely due to the greater reduction in Pi levels in their nodules under Pi-deficient conditions. Moreover, we also recorded down-regulation of the XM_004504754.2 (by 2.71-fold) and XM_004500583 (by 2.71-fold) genes that encode EXORDIUM-like2 (EXL2) and EXORDIUM-like (EXL) proteins, respectively, in MmSWRI9-Pd/MmSWRI9-Ps but not in McCP-31-Pd/McCP-31-Ps (Table 1) . Since the expression of EXL genes is induced by C starvation (Schr€ oder et al., 2012) , down-regulation of these genes in MmSWRI9-Pd/ MmSWRI9-Ps suggests that inhibition of SNF capacity in MmSWRI9-induced nodules, relative to McCP-31-induced nodules, under Pi-deficient conditions was not a consequence of limited C supply supporting previous findings (Nasr Esfahani et al., 2016) .
CONCLUSIONS
The comparative analysis of nodule transcriptomes from two contrasting PSR symbiotic associations (MmSWRI9-and McCP-31-inoculated plants) under both Pi-sufficient and Pi-deficient conditions, presented here, has shown that the lower levels of nodular Pi found in MmSWRI9-inoculated plants, under Pi starvation, altered the expression of PSR genes facilitating the acquisition and transport of Pi, and preventing excessive depletion of nodular Pi levels. The results of this study have increased our knowledge regarding the molecular mechanisms modulating SNF capacity under low-Pi conditions, and opened the door for the functional/causative analysis by reverse genetic means, ultimately leading to the development of symbiotic associations with improved SNF under low-Pi availability.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Seeds of chickpea (Cicer arietinum L. cv. ILC482) were received from the Dryland Agricultural Research Institute, Iran. The seeds were sown in 1.5-L pots containing sterilized vermiculite as a rooting substrate, and the pots were maintained under controlled greenhouse conditions (Nasr Esfahani et al., 2016) . For inoculation, suspensions (~10 9 cell ml
À1
) of McCP-31 or MmSWRI9 were added at sowing, and the applications were repeated at 3 and 6 days after emergence. Pots were irrigated three times a week with basal nutrient solution without nitrogen (Nasr Esfahani and Mostajeran, 2011). For Pi-sufficient (+P) and Pi-deficient (ÀP) treatments, 500 lM and 5 lM KH 2 PO 4 was added to the basal nutrient solution, respectively (Nasr Esfahani et al., 2016) . After 30 days, nodules were harvested with three biological repeats, quickly frozen in liquid nitrogen and stored at À80°C until RNA isolation and further analyses.
RNA isolation, DNase I treatment and RNA-seq Nodule samples were ground in liquid nitrogen using a mortar and pestle. Total RNA was isolated using an RNeasy Plant Mini Kit and QIAcube system (Qiagen, Hilden, Germany) according to the manufacturer's instruction. Contaminating genomic DNA was removed from each RNA sample using DNase I as previously described (Le et al., 2012) . Total RNAs were assessed using the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) with an Agilent RNA 6000 Pico Kit (Agilent Technologies). Poly(A)+ RNAs were purified using a NEBNext â Poly(A) mRNA Magnetic Isolation Module (New England Biolabs, Ipswich, MA, USA) according to the manufacturer's instruction. Libraries for stranded-RNA-seq analysis using an Ion torrent ™ sequencer were constructed using an Ion Total RNA-seq Kit v2 (Life Technologies, Carlsbad, CA, USA), as described in the manufacturer's instructions, with Ion Xpress ™ Barcode Primers (Life Technologies) corresponding to each sample. Templates for 200 base-read libraries for the pyrosequencing analysis were prepared using an Ion P1 Technologies), according to the manufacturer's instructions. Sequencing was carried out using an Ion Proton ™ sequencer (Life Technologies) with an Ion P1 ™ Chip v2.
Data analysis of RNA-seq reads
The draft genome assembly of the chickpea genome (GCF_000331145.1) (Varshney et al., 2013) , downloaded from the FTP site of NCBI Refseq (ftp://ftp.ncbi.nlm.nih.gov/genomes/refse q/plant/Cicer_arietinum/latest_assembly_versions/GCF_000331145. 1_ASM33114v1), was used as a reference genome to map RNAseq reads. Mapping of the RNA-seq reads to the reference was performed using the Tmap program running on a Torrent Server (Life Technologies) with default settings. Sorted bam files were used for further analyses. To identify transcription units based on the mapped RNA-seq reads, the cufflinks command of the Cufflinks package (version 2.2.1) was used with data on gene structural annotation from the chickpea genome derived from the NCBI Refseq assembly. The fragments per kilobase of transcript per million mapped reads (FPKM) value of each gene in each sample was determined using the cufflinks command. We defined transcripts with FPKM ≥ 1 as being significantly expressed. DEGs among the triplicates sample sets were computed using of the cuffdiff command of the Cufflinks package.
Functional gene annotation
The definition lines of transcripts in the chickpea genome assembly (GCF_000331145.1) were used to infer putative gene function (Varshney et al., 2013) . To use the MapMan ontology, the chickpea transcripts were assigned to each of the MapMan bins by using the Mercator web service (http://mapman.gabipd.org/web/guest/ mercator) with the default parameter setting.
Real-time quantitative PCR (qRT-PCR)
Several differentially regulated Pi deficiency-responsive genes identified from RNA-seq analysis, which are involved in different functional categories, such as nodulation, signalling, oxidative stress, transport, Pi remobilization and glycolysis, were randomly selected for validation of the RNA-seq results by qRT-PCR. The specific primer pairs used in qRT-PCR were listed in Table S8 . IF4a gene (XM_004513380) was used as reference gene in data analysis (Garg et al., 2010) . cDNA synthesis, DNase I treatment, qRT-PCR and data analysis were conducted as previously described (Le et al., 2012) .
cis-motif analysis
The 1500-bp promoter regions (upstream of the start codon) of XM_004511097.2/ DMI3, XM_012718608.1/ NSP1 and XM_004492427.2/NSP2 genes were obtained from the chickpea genome assembly GCF_000331145.1 (Varshney et al., 2013) 
Statistical analysis
Statistically significant differences between +P and ÀP treatments for each gene (P-value) were estimated using a Student's t-test, while certainty levels (the corrected P-values, i.e. q-values) were assessed using the Benjamini and Hochberg False Discovery Rate. Genes with expression changes |≥2|-fold (q-value < 0.05) were regarded as being differentially expressed.
RNA-seq data accession number
All raw RNA-seq read data presented in this study are located in the DNA Data Bank of Japan (http://trace.ddbj.nig.ac.jp/dra/inde x_e.html) under the accession number DRA005219.
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